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The electron-donor ability of ferrocene IS suggested by a number of chemical properties, 
such as charge-transfer complex formatlon. the high reactlvlty m electrophhc substltutlon 
reactlons and the ease of oxldatlon to ferricinlum lonsl 

A fundamental problem related to these propertles is the location m the ferrocene 
molecule of the electron-donating site. which can be the cvclopentadlenyl rmg (Cp), 
a functional group attached to It. or the Iron atom. 

Partlclpatlon by the non-bonding 3d electrons of the metal m the reactions of the iron 

group metallocenes has drawn the attention of several mvestlgators In particular, evidence 
has been provided for the metal atom to be the site of protonatlon’ and of hydrogen 
bondmg3s4, and, possibly. to act as a nelghbourmg group m internal electron transfer 
reactions of cY-metallocenylcarbomum 1ons576 , and m the solvolysis of a-metallocenylalkyl 

acetates’-” There 1s a posslbdlty that the met31 atom plays a critical role in electrophdhc 

substitution reactions, as the primary site of electrophdlc attack’2y’3. Rmg substitution 
would occur through rearrangement of the resulting cation to a a-complex, followed by 
loss of a proton. Although many features of this mechamsm are undoubtedly attractive, 
the supportmg evidence was only incbrect and qualitative m nature14 It is worth noting 
that despite the electronexcessive nature of the cyclopentadlenyl rmgs of ferrocene, as 

predlcted by theory’5’16, their potential baslclty has been largely neglected so far m the 

literature. 

A. RING vs IRON BASICITY 

Rosenblum and co-workers’ provided NMR evidence for the protonatlon of ferrocene 
at the iron atom as occurring m a BF, -H, 0 system, a medmm of markedly lugh proton- 
donor ability. In contrast, no protonatlon was observed when trlfluoroacetlc acid or cont. 
suIphurlc acid were used as solvents Slmdar findings were obtained” for WCP(CO)~H 

Actually, ferrocene undergoes extensive rmg protonatlon under even mddly protlc 
condltlons’s. The UV absorptlvlty of ferrocene m benzene solution increases m the repon 

of 310-380 nm upon addition of trichloroacetlc acid (0 1 M) The reaction 1s fast and 
reversible, It dlstmctly precedes oxldatlon under the stated condltlons 
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The equlhbnum constant for the reaction 

(Cp, Fe, H+) + CCl,CO; =+ Cp, Fe + Ccl3 CO? H 

was determined from the spectral data by the Scott modlficatlon of the Benesi and 

Hl!debrand methodlg . This and related K values are reported m Table 1. 

TABLE 1 

Equlhbrium constants for the aad-base mteracnon of ferrocene and some of Its rmg-substltutcd 
denvatlves 

Substrate CC13C02H-benzene 
103XK 

aq. HzS04 
K 

rerrocene 
Ethylferrocene 

1 .l’-Diethylferrocene 
1,2-D~ethylferrocene 
Acetylfcrrocene 

Dtferrocenylketone 
1 ,l’-Dtacetylferrocene 
Q’ferrocenylethrtnol 
13lferroccnylmetbnol 

1540-+50 
100’10 

.57*3 
7.7 + 0.2 
7.3 + 0.4 631d 

4.4 + 0.2 263 

20.0 + 0.2 7245 a 
6.1 ‘+O.l = 4.4 b*c 
3.6 kO.3 c 

a Conccntr&lon range = 30-60%. 
b Concentration range = O-20%. 

c Tficse data were obtained in this ldborntory by G. Cerxhelh m connection with related stu&es. 

Analysis of the influence of the ethyl groups as a function of their posltlon m the Cp 

rings shows that rmg baslclty is enhanced by a factor of about 15 per ethyl group If the 
groups are located in the same ring. However, baslclty increases by a statlstlcal factor of 
only 2 when an ethyl group 1s added at the unsubstituted Cp rmg of ethylferrocene. 
These results suggest that in the mildly protlc condltlons used, protonatlon occurs at a 
Cp ring, rather than at the metal, and that the electronic transmlsslon of the polar effects 
of the substltuents through the metal IS neghgble 

Rmg baslclty IS also supported by NMR measurements_ The mteractlon of bromo- 
ferrocene (0.163 M) with trlfluoroacetlc acid (1.07 M) m benzene solution results m a 
change of the intensity ratlo OL 0 . u from 2 2 5 to 2 2 6, a! and p bemg the two 
pairs of non-equivalent posltlons (5.77 and 6.28 r) m the substituted ring and u the five 
equivalent posltlons (6.01 7) m the unsubstltuted nng (TMS = internal standard)- Thus, 
bromoferrocene appears to pick up a proton on the side of its unsubstltuted ring, in 
hne with the fact that m this case it 1s the Br-substituted nng which is less basic because 
of the electron-wlthdrawmg mductlve effect of Br. The NMR data mdlc’ate that the 
mteractlon is reversible, which is m agreement with the W evidence 

The kinetics of H/D exchange have been remvestlgated m t&s laboratory and have 
essentially confirmed previously pubhshed data20-22. Although the exact structure 
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of the ring-protonated species obtamed m a mildly acrdlc medmm is still unknown, 
such a species cannot be a a-adduct smce the observed acid-base mteractlon 1s decidedly 
faster than H/D exchange. However, It may be part of the preequlllbrmm precedmg the 
slow substltutlon step. m accordance with current views on the mechamsm of electrophdic 
aromatlc substltutlon. 

B. M’ROTONATION IN THE SIDE-CHAIN 

Carbocatlons I and II are extensively formed when a-ferrocenyl ketones and alcohols 
are dissolved m cont. sulphurlc acid. 

FeCp(C,H,-7=&H) i- B === FeCp(C,H,--f=O) + HB’ 

C& CH3 
I 

FeCpGH,-$H? f HZ0 + B = FeCp(C,H,-YHOH) + HB+ 

CH3 CH3 

II 

The above reactlons have received considerable attention m the course of our studies m 
connectlon with the following problems (1) change of the protlc medmm from aqueous 
sulphurlc acid to trlchloroacetlc acid m benzene solution. (2) structural effects, and (3) 
correlation with the solvolytlc reactlvlty of a-ferrocenyl ethyl acetates. 

The equlhbrlum constants for some 30 members of the two mvestigated series have 

been determmed by W spectral methods The value available from the hteratureZ3 for 

carbocatlon I m aqueous acid was in essential agreement with our measurements Rep- 
resentative data are collected m Table l_ 

The CCIJ COzH-benzene system displays high proton-donor ablllty. In fact, the 

reactlon IS markedly shifted m favour of the protonated species. The K values for this 

system appear to be lower than the K values for aqueous acid of any gven substrate, 
however, the former are not strictly comparable with the latter because they are not 
thermodynanuc &ssoclation constants. 

The dissociation constants in the CCIJ CO2 H-benzene system allow a comparison 

between nng baslclty of ferrocene (see preceding section) and side-cham banaty. The 
fact that the baslclty of acetyl ferrocene 1s greater than that of ferrocene, the factor 
mvolved bemg over 200-fold, mdlcates that the basic site :s not the same m the two 
substrates and confirms the view that acetylferrocene 1s protonated m the side-cham 
(carbonyl oxygen). A slmllar conclusion 1s arrived at for or-ferrocenylethanol, namely 

that the protonatlon site 1s the side-chain hydroxyl group. 
The ride-cham baslclty IS not very sensitive to structural effects. This IS dramatlc- 

ally shown by multiple ferrocenyl group substitution. For example, although the 
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carbocatron stabrhty Increases enormously on going from 

Ph--C&H (ref. 24) to FeCpCjH4-y=dH, only a slight increase IS noted when 

&Ha CJ& 

(FeCpCSH4)2C=bH IS consrdered (Table 1). 

The non atom also appears to possess poor ablhty to transmit polar effects as 

shown, for example. by the fact that in f ,l’-dracetylferrocene the first drssocratron 
constant IS httle affected by the unprotonated CHaCO group located m the other 
rmg, the supenmposmg Influence of field effects being neglected, 

Fmally. the data for the cw-ferrocenyl alcohols yield a hnear free energy correlation 

wrth the available data for the solvolytlc reactivity of a-ferrocenyl acetates. Therefore, 
the same carbocatron mtermedlates are presumably involved m both reactions. as 

expected. 

C. ELECTROPHILIC REACTIVITY 

The aromatic reactivity IS one of the most Important features of the chemrstry of 
ferrocene. Since oxrdatron occurs wrth several reagents, most stu&es have concentrated 

on alkylatron and, especially, acylation. Nevertheless, a consrderable number of other 

substrtutron reactions have been successfully applred, thereby provrdmg new routes 

to a wade spectrum of ferrocene derrvatrves. They include, to mention some, Vrlsmerer 

formylatron25. Manmch ammomethylatronz6, sriylation27~‘8 and protodesdylatron*‘, 
mercuratron27*28*30, and hydrogen exchange20-‘2 Relatively little quantrtatrve work 

has been carried out m thrs area. 
Mercuratlon with mercurrc acetate m acetic acrd solution IS being studred n-r our 

laboratory. The reactron proceeds quite readily and IS not affected by oxidation. The 
reactron can be followed by a UV spectral method and exfubns second-order kmetrcs, 
for ferrocene the rate constant IS 14 IC_ 3 mole-’ set-’ (uncorrected for the statrstrcal 

factor). Comparrson wrth srmrlar data with benzenold substrates3’ shows that ferrocene 

IS 10’ as reactive as benzene. The rate constant for the mercuration of 1 ,l’-drethyl- 
ferrocene 1s 31 + 2, whrch yrelds a rate effect for the ethyl group (within the same ring) 
of a factor as low as 2.2. 

In analogy with the strong electron-donor molecule hexamethylbenzene32>33 which 

reacts wnh molecuiar halogen to yield srde-chain substitution products, we found that 
the decamethylferrrcmmm ran reacts with Cl2 and Br, m acetic acid solutron34. In the 
case of the latter halogen, W spectral evidence for the formation of a charge-transfer 
complex was obtamed3’ by the observation of a shrft of the absorption maxunum of 

bromme from 400 nm to 480 nm. The kinetics of the halogenatron reactron appear 
to be more complex (Cl,) than with hexamethylbenzene, the order being two in chlorine. 

These results indicate that, despite the rate-depressmg effect of the positive charge 
of the substrate, the latter stdl retains considerable electron-donor propertres III reaetrng 

wsth such mild electrophdes as molecular halogens 
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